The elastic scattering for 6 Li+ 64 Ni system was measured in the bombarding energy range of 13 MeV ≤ E lab ≤ 26 MeV. A phenomenological optical model analysis was performed and the behaviour of the surface strengths of the potential components with decreasing energy was extracted. A further analysis of the measured angular distributions, along with the existing data for 6 Li+ 58 Ni, was performed with two different model potentials -one with the folded potential normalized with a complex factor (OMP1) and the other with a hybrid potential composed of a renormalized folded real and a phenomenological imaginary (OMP2) potential components -were used in the calculation. All the model potentials predict similar energy dependent behaviour for the interaction potential around the barrier. The observed energy dependence of the strengths of the real and imaginary potentials corroborate with the dispersion relation prediction for both the 6 Li+ 64 Ni and 6 Li+ 58 Ni systems. Though the evidence of breakup is distinct in the energy variation of the potential strengths, close to the barrier the variation is more in the line of conventional threshold anomaly. Also the threshold behaviour of the interaction potential does not indicate any distinct isotopic dependence.
The study of threshold behaviour of effective potential for Loosely bound nuclei are liable to breakup in a nuclear collision process. The breaking up of the nucleus can, subsequently, affect the other nuclear processes in a manner not observed in collisions involving only tightly bound nuclei. Extensive investigations, both experimentally and theoretically, are being pursued in recent years to understand the effect of breakup on elastic scattering [1, 2, 3, 4, 5, 6, 7] . One of the primary motivations is to probe the influence of break up process on the threshold behaviour of optical potential at near the Coulomb barrier energies.
The conventional threshold behaviour of the optical potential for tightly bound nuclei shows a rapid rise in the strength of the real potential in the vicinity of the Coulomb barrier with a sharp fall in the strength of the imaginary potential in the same energy range. It has been demonstrated that the coupling of relative motion to other reaction channels like inelastic excitations, transfers to the bound states contributes an attractive real polarization potential which in turn enhances the real strength at energies around the barrier [8, 9] . The rapid decrease of fusion and other of the reaction processes with decreasing energy induces the sharp fall in the strength of the imaginary potential. The observed threshold behaviours of the potential components for the tightly bound nuclei are demonstrated to be connected by a dispersion relation, a manifestation of causality in nuclear collision process [9] .
On the other hand, the dynamical effect of coupling to break up channels of weakly bound projcetiles is to introduce a repulsive real polarization potential [10, 11] . At above barrier energies the effect of breakup of the projectile was demonstrated through the reduction needed in the strength of the folded real potential describing the elastic scattering of projectiles like 6, 7 Li and 9 Be [8] . With the bombarding energy decreasing for the scattering of 6 Li projectile (breakup threshold = 1.67 MeV) from heavy targets, the real potential strength exhibits a decline around the Coulomb barrier energy while the imaginary potential exhibits a rise in the surface strength [1, 12] . Attempt has been made to understand this behaviour in terms of dispersion relation [12] and the observed threshold behaviour is termed as breakup threshold anomaly (BTA). For targets like 208 Pb, due to strong Coulomb field, the breakup reaction channels do not close down rapidly near the barrier or at sub-barrier energies. Experimental observations suggest that the breakup cross section is even larger than the fusion cross section in the vicinity of the barrier [13, 14, 15, 16] . As the coupling to breakup process contributes a repulsive dynamical polarization potential, the normal threshold anomaly (TA) in the real potential arising out of the attractive real polarization contribution of the conventional couplings, may disappear. The effective real potential strength may even show a declining trend with with further decrease in energy if the breakup coupling dominates over the conventional couplings at near barrier energies. Recently, So, et al. [17] have shown, based on the extended optical model approach, that the real and imaginary polarization potential components for scattering of 6 Li from 208 Pb, when decomposed into direct and fusion contributions, satisfy the dispersion relation separately. The fusion part in this case showing a conventional threshold behaviour while the direct part exhibits a smooth and relatively weak energy dependence. For 7 Li, a more strongly bound projectile (b.u. threshold = 2.43 MeV) compared to 6 Li, the optical potential describing the scattering from heavy targets shows up a threshold behaviour like the strongly bound projectiles [1, 18] and the energy variations of the real and imaginary components can be connected by the dispersion relation prediction.
Scattering of the weakly bound nuclei on lighter targets throws up a more complicated situation. The analyses of elastic scattering of 6, 7 Li from 28 Si [7, 19] show that both these projectiles, despite having different breakup threshold, exhibit similar trend in energy dependence of optical potential components. The imaginary potential for 6 Li+ 28 Si does not show the characteristic rise on approaching the barrier, rather it decreases after a small rise in strength just above the barrier. The real potential on the other hand is energy independent with a slight tendency to decrease as energy is decreased. Unlike the observations of scattering from lighter target nuclei, F.A. Souza, et al. [20] have found that the optical potential describing the elastic scattering of 6 Li and 7 Li from medium mass 59 Co exhibits a behaviour similar to that of the more tightly bound systems indicating the existence of a conventional threshold anomaly. However, as pointed out by the authors, looking at the energy dependence of the real and imaginary strengths of 6 Li+ 59 Co system carefully one can also categorize the threshold behaviour as breakup threshold anomaly (BTA). On approaching the barrier, the real strength shows a weak declining trend. The surface strength of the imaginary potential rises in the same energy region before falling again with decreasing energy. No attempt has been made to establish the dispersion relation connectivity between the observed behaviours. Further investigation of 6 Li scattering from medium mass targets is, therefore, necessary to identify the general behaviour of the interaction potential around the barrier. In general, for medium and light mass targets with reduced strength of the Coulomb field, the Coulomb induced breakup cross section is expected to decrease near the barrier. Thus the open question is how far the breakup of loosely bound projectiles, in the presence of conventional couplings, determines the threshold behaviour of interaction potentials for medium or light mass targets? The answer to this question will also address to the problem of target mass dependence of threshold anomaly for loosely bound projectiles.
We report, in this context, a systematic investigation of elastic scattering of 6 Li from 58, 64 Ni targets at bombarding energies around the barrier. The isotopes of Ni have very similar deformation values, β 2 =0.17 and 0.18 respectively for 58 Ni and 64 Ni. It was demonstrated by Keeley et al. [21] that both these isotopes exhibit similar threshold behaviour of potential for scattering with 16 O indicating that the threshold anomaly developed predominantly from inelastic couplings. We intend to investigate the energy dependence of the optical potential for the projectile 6 Li scattered from these two Ni isotopes. The primary interest is to see the manifestation of coupling to the continuum on the threshold behaviour of the inetraction potential in the presence of strong inelastic couplings. The elastic scattering angular distributions for 6 Li+ 64 Ni have been measured at bombarding energies around the barrier to compare with the existing data of 6 Li+ 58 Ni [22] . The experimental details have been given in Section 2. The model calculation and the analysis have been presented in Section 3, followed by the results and discussion in Section 4.
Experimental Details
The experiment was carried out at 14UD TIFR/BARC Pelletron Facility in Mumbai, India. Self-supporting targets were prepared by electron gun evaporation technique from 99% enriched metallic 64 Ni isotope. Two different targets of thickness 61µg/cm 2 and 376µg/cm 2 respectively, were used for the experiment. The targets were bombarded with 6 Li beam from the pelletron at energies of 13, 14, 17, 19 and 26 MeV. The beam current during the experiment was varied from 1 to 7 pnA. The current was measured using a Current Integrator, the output of which was fed into a CAMAC Scaler to obtain the integrated charge. The elastically scattered particles were detected with conventional telescope arrangement. Two silicon surface barrier detector telescopes were used in the two parts of the experiment. In the first part the telescopes were set with 25µ and 15µ thick ∆E detectors and 300µ thick E detectors to detect the scattered particles. In the second part the ∆E detectors of thickness 15µ and 10µ were used and these were followed by 3mm and 500µ E detectors respectively. The telescopes were placed on a rotatable arm at an angular separartion of 10 o . The solid angles subtended by the telescopes at the target centre were 0.076, 0.17, 0.06 and 0.11 msr respectively. The angular opening corresponding to these solid angle values were in the range of 0.5 o to 0.8 o . Two monitor detectors of thickness 3mm were mounted at ±15 o about the beam axis. at a distance of 41.7cm in a 1m diameter scattering chamber. These two detectors were used to monitor the beam position and also for the purpose of normalization. Calibration runs were taken with a standard Bi target after each energy change. Using the Rutherford scattering between 6 Li and 209 Bi at these energies, the detector solid angles and the relative normalization between the telescopes were determined from the calibration runs. The statistical error in the data is less than 1% in the forward angles and a maximum of 16% in the backwards angles. The overall error in the data varied from 5% to 17%. The data were recorded using the Linux based data acquisition system LAMPS [23] . The measured elastic cross sections with respect to the Rutherford cross sections are shown in Fig.1 along with the model (see next section) calculations.
Analysis
Optical model (OM) analysis was carried out using three different model potentials. Firstly we performed the optical model analysis of our 6 Li+ 64 Ni data using the parametric Woods Saxon (WS) forms for both the real and imaginary potentials. Subsequently, the new data of 6 Li+ 64 Ni and the existing data of 6 Li+ 58 Ni [22] were further analysed with two other model potentials, namely, (i) the renormalized folded real and imaginary potentials, and (ii) a 'hybrid' potential consisting of a renormalized folded real and a parametric Woods Saxon imaginary components. The use of different model potentials was intended to make the extraction of energy dependence of the surface strengths of the potential components as much model independent as possible.
Phenomenological OM analysis of 6 Li+ 64 Ni data
The phenomenological optical model potential used to describe the elastic angular distributions at each energy had the following form
where V(R) denotes the volume type WS real potential, W F (R) is a volume type WS imaginary potential to simulate the fusion after penetration of the barrier and W D (R) is a derivative type WS imginary potential to account for the absorption due to reactions occuring at the surface.
The fitting procedure to obtain the parameters of the best fit potential can be summarized as follows. The search code ECIS94 [24] was used to perform the model calculations. The volume imaginary potential W F was kept fixed for all the energies with the parameters set at W o =50.0 MeV, r w =1.0 fm and a w =0.25 fm. At the highest energy, the real potential parameters for 6 Li+ 58 Ni from Ref. [22] were used as the starting parameters. Keeping the real radius fixed, searches were performed over the remaining five free parameters, viz., V o , a o , W s , R s and a s . Subsequently, changing the real radius in steps, same search was repeated again to obtain the best fit parameters with minimum χ 2 value. The final set of best fit parameters for 26 MeV corresponding to minimum χ 2 /N value are given in Table 1 . For the other incident energies the same search procedure was followed with the best fit parameters of 26 MeV as the starting parameter set. It is to emphasized that the resultant geometry parameters along with the strengths of the potential components are found to be energy dependent. For instance, the radius values of both the real and imaginary components increases with decreasing energy. The best fit parameters, the minimum χ 2 /N values and the corresponding reaction cross sections σ reac have been given in Table 1 . The fits are shown by solid lines in Fig.1 .
To probe the real and imaginary potentials as a function of energy in the vicinity of the barrier, it is important to identify the radial region of sensitivity of the potentials [25, 26, 27, 28] ,i.e. the region where the potentials are best determined by the elastic scattering data. In order to find the radius of sensitivity or the crossing radius, we adopted the procedure described in Ref. [29] . At each energy, we changed the diffuseness parameter a in small steps around the best fit value and adjusted the strength and radius values of the potential to fit the angular distribution data. The process resulted into a family of 'good' potentials having χ 2 = χ 2 min + 1. Almost equivalent reproduction of the angular distribution and the crossing of the potentials at a certain radius value, the crossing radius, ensure that the crossing point gives the value of the sensitive radius. Same procedure was adopted to obtain both the real and the imaginary sensitive radial region. Both the real and imaginary sensitive radii were found to be energy dependent. The crossing radius moved to lower radius value as the incident energy was increased. The average value of the crossing radius was estimated to be 9.8 ± 0.4 fm. The strengths of the potential components were determined at this radius to obtain the energy dependent behaviour of the potentials. In Fig.2 , the values at the chosen radius of the potentials with Woods Saxon form are shown with solid circles. The error bar with each point includes the distribution in the values of the different 'good' potentials at the chosen radius as well as the errors due to the uncertainty associated with the sensitive radius value itself. Ni [22] were performed with folded M3Y potential. Alongwith the real folded potential, two different imagianry model potentials were used. In the first one (OMP1) the model potential had the form
where V f is the folded M3Y potential with unit normalization. λ r and λ i are the renormalization factors for real and imaginary components. With geometries fixed, search was performed on these two strength parameters simultaneously to fit the angular distributions.
The second model potential (OMP2) was of hybrid nature with the doublefolded real potential and the phenomenological imaginary potential
where W v is the imaginary potential of volume Woods-Saxon type. The OMP2 with fixed geometry real part, therefore, has four parameters, viz. λ r , W o , r w , a w to vary to fit the experimental angular distributions.
The double-folded real potentials were generated using the density dependent M3Y-Reid nucleon-nucleon interaction with zero-range exchange term [30] . The density dependence was included following the DDM3Y convention [31] as
with the parameters C, α and β having the values 0.2845, 3.6391 and 2.9605 f m 3 respectively. A linear energy dependent part g(E)=(1-0.002E) had been considered [30] to account for explicit energy dependence of the effective interaction. The mass densities of 58 Ni and 64 Ni were obtained from Ref.
[32]. A parametric form for 6 Li charge density [8] was unfolded for finite proton distribution to obtain the point proton distribution. The neutron distribution was assumed to have the same radial shape for N=Z 6 Li nucleus.
With the model potential OMP1, the two free parameters λ r and λ i were varied simultaneously to optimize the fits to the data at all the energies. The best fit values of λ r and λ i are given in Table 2 Ni respectively. The same condition, as described in the case of phenomenological potential, was used to determine the error limits in the values of the individual renormalization factors. To obtain the best fit parameters of the OMP2 potentials for both the isotopes, analysis was started with the highest energy data. At the highest energy, we performed an initial search over all the four parameters simultaneously. Subsequently, the imaginary radius parameter obtained from the initial search was kept fixed. The best fit, determined by χ 2 minimization, was found by searching over the real renormalization factor and the imaginary strength while gridding over the imaginary diffuseness a w . Same search procedure was adopted for all the incident energies. The radius parameter was held fixed throughout assuming that the change in the value of r w due to change in incident energy is not so significant. The best fit parameters along with the χ 2 /N ( N denotes the number of data points) values and the reaction cross sections σ reac. have been given in Table 2 . The errors associated with the strength parameters and the reaction cross sections were estimated in the same way as described earlier. The best fit predictions with OMP2 for 6 Li+ 64 Ni are shown in Fig.1 by dashed-dotted line and for 6 Li+ 58 Ni are shown by solid lines in Fig.3 .
In order to find the radius of sensitivity or the crossing radius with potential OMP2, we searched over λ r and W 0 at different diffuseness parameter a w , obtained by changing its value in small steps while keeping the radius fixed. The χ 2 minimization process yielded different sets of parameter values for OMP2 producing almost equivalent fits to the data. The χ 2 min value for each set of parameters lies within the range of χ 2 min ± χ 2 min /N corresponding to the set of best fit parameters. In Fig.4 Ni the crossing points are not so unambiguos at certain energies. The radii of sensitivity for imaginary potentials found from the analyses of the data vary with the incident energy. The value increases by ∼25% at the lowest energy studied. At the higher incident energies the values of the crossing radii are close to the strong absorption radii, R sa , of the systems.
Considering the energy variation of the crossing radius and the uncertainty associated with it, we have used in the dispersion relation the integral quantities G x (E) defined as
where G(R) is the Gaussian weighting function centered on some average value of the crossing radii and x denoting either the real potential V(R,E) or the imaginary potential W(R,E) for the respective integral quantity. It was demonstrated that the dispersion relation can be extended to the integral quantities with Gaussian weighting function [10, 33] , such that
where
The Gaussian weighting function has the usual form of
The choices of radius parameter R G and the width parameter σ G of the Gaussian weighting function are very crucial for systems involving light, loosely bound projectiles. Although the regions of sensitivity are narrow at each energy, the crossing radii vary with energy. To identify the suitable values of R G and σ G , we estimated the uncertainties associated with the integral quantities with different combinations of (R G ,σ G ). It can easily be understood that the range of uncertainties associated with G V (E) and G W (E) at a particular energy changes significantly depending upon the proximity of the chosen R G to crossing radius at that energy. So the final choice of R G and σ G is a compromise relative to the uncertainties associated with G V (E) and G W (E) at each energy. The chosen value of R G is 9.8fm for both 64 Ni and 58 Ni targets. The associated σ G was chosen to be 0.6fm. We would like to emphasize that the choice of R G does not really change the overall trend of the energy variations of G V (E) and G W (E). The quantities G V (E) and G W (E) as functions of incident energy for 64 Ni and 58 Ni are shown in Figs.5 and 6. The error bars shown in the figures predominantly arise out of the variations in the values of the good potentials at R G within the width defined by σ G . In Fig.7 , we have shown the best fit normalizations λ r and λ i , obtained with model potential OMP1, as a function of energy for 6 Li+ 58, 64 Ni. Errors shown are estimated individually for each parameter using the condition of Eq.4. The plotting of these normalization factors directly is justified considering the fact that dispersion relation involving these factors will not depend on the choice of the radial point for the evaluation of the energy integration.
Results and Discussion
The phenomenological analysis of 6 Li+ 64 Ni data with Woods Saxon potential having variable geometry with decreasing energy yielded an energy dependence of the surface strengths of the real and imaginary components shown in Fig.2 . The variations resulted from the model potentials OMP1, with fixed geometry real and imaginary components, and OMP2, with fixed geometry real and variable geometry imaginary components, are also shown in Fig.2 . Good matching in the surface strengths of the imaginary potential at all the energies have been obtained for the three different model potentials used in the anlysis. The magnitude of the real strength, however, shows some kind of model dependence. Despite the difference in the magnitudes, the three model potentials exhibit similar trend in the energy variation of the real strength.
The observed variation indicates that the strength of the imaginary potential increases initially as the 6 Li projectile energy approaches the barrier for the system. With further decrease of incident energy the strength of the imaginary potential starts to decrease. On the otherhand, the real strength shows an overall increase with decreasing energy although there is a tendency to decline around 18 MeV energy. This feature is more prominent in the case of phenomenological potential with variable geometry.
The observed variations of G W (E) in Figs.5 and 6 also indicate the same behaviour for the strengths of the imaginary and the real potentials for both the Ni isotopes as the 6 Li projectile energy approaches the barrier for the systems. In order to find the connectivity between the energy dependence of the real and imaginary components through the dispersion relation, we fitted the observed variation of G W (E) with the following functional form
With this three linear segments form of energy dependence for G W (E), the dynamical contribution to the real part, i.e. the real polarization component is given by
The energy E 1 is the threshold energy where the absoprtion goes to zero. It has been determined assuming that the function ( (Eσ reac. )) behaves as a linear function of energy E in the sub-barrier region [34] . E 2 is the energy at which the increasing and the decreasing linear segments intersect while E 3 is the energy beyond which the variation of G W (E) or rather the imaginary potential W(E) is assumed to be independent of energy. The values of the coefficients C i and energies E i for both the systems are given in Table 2 . The solid curves in the plots of G V (E) vs. E in Figs.5 & 6 indicate the dispersion relation prediction following Eq.10. The general agreement with the observed trend in G V (E) is quite good considering the simple form employed to describe G W (E).
As it appears from Figs.5 and 6, the imaginary potential, for both 6 Li+ 58 Ni and
6 Li+ 64 Ni, shows a distinct increasing trend as the energy approaches the barrier but with further lowering of energy below the barrier it starts to decrease. The interplay of the dispersive contributions of these two regions in W(E) constitute the effective energy dependence of the real potential. The resultant energy dependence of the real polarization potential exhibits an overall increasing trend. This suggests to the presence of thershold anomaly (TA) for 6 Li scattering from medium mass Ni isotopes. However, a careful inspection also reveals that as the bombarding energy decreases and approaches the barrier, the strength of the real effective potential increases slowly at the beginning and then shows a weak declining trend around 1.2 times the barrier before sharply rising again. This decreasing tendency of the real potential is associated with the increasing part of the imaginary potential. Similar behaviour for the real and imaginary components of the effective potential has also been observed for 6 [12] , the strength of the real effective potential continues to decrease even below the barrier indicating the presence of reaction channels, like break up, producing strong repulsive real polarization even at sub barrier energies. However, our investigation of 6 Li scattering from medium mass Ni-isotopes suggests that the observed threshold anomaly has the usual form albeit modified by coupling to breakup (or channels producing repulsive real polarization). A recent two-body continuum discretized coupled channel (CDCC) calculation [35] for 6 Li on 59 Co has shown that the real potential does exhibit an overall increasing trend while the imaginary potential falls of after a short increase near the barrier. It is, therefore, extremely important to investigate the target mass dependence of threshold anomaly for projectiles with low breakup threshold, as has been pointed out by Beck, et al. [35] , in order to understand the evolution of breakup coupling with increasing or decreasing mass at near barrier energies.
In Fig.7a) & b) we have compared the observed energy dependence of the renormalization parameters λ r and λ i obtained by fitting the elastic angular distributions of 6 Li+ 58, 64 Ni with potential OMP1. It is to be noted that the variation of the renormalization parameters is independent of the choice of interaction distance. For both the systems the variations in λ r and λ i with incident energy are very similar to the variations observed in the integral quatities G V (E) and G W (E). The observed energy dependence of λ r and λ i for 6 Li+ 58 Ni and 6 Li+ 64 Ni in Fig.7 does not indicate of any dramatic isotopic variation. However, careful observation will show that the rise in the imaginary strength for the 6 Li+ 64 Ni system starts earlier than the 6 Li+ 58 Ni system. This is also obvious from the values of E 2 parameter in Table 2 . The the fall off in the imaginary strength around the barrier is slower in the case of lighter Ni isotope but the large error bars in the lowest energies do not allow the observation to be conclusive. Exclusive coincident measurement of fragments produced in break up or transfer followed by break up reactions at these bombarding energies can throw some light on the possible difference in the observed behaviour.
Summary
In this work the elastic scattering angular distributions measured in the bombarding energy range 13 MeV ≤ E lab ≤ 26 MeV around the Coulomb barrier for the system 6 Li+ 64 Ni have been presented. The measured elastic scattering data for 6 Li+ 64 Ni has been investigated with three different model potentialsa phenomenological Woods Saxon potential with variable geometry as energy changes, a fixed geometry folded DDM3Y potential with complex renormalization factor and a hybrid potential with fixed geometry real folded potential and variable geometry phenomenological imaginary potential. The existing data for the 6 Li+ 58 Ni system have, subsequently, been analyzed using the folded DDM3Y potential with complex normalization and also the hybrid potential model. The fitting procedure yielded the energy dependence of the real and imaginary components -the data required to demonstrate the existence or non-existence of the threshold anomaly for 6 Li+ 58 Ni and 6 Li+ 64 Ni systems.
The near threshold behaviour of all the model interaction potentials are similar in nature for both the systems. The imaginary potential falls of after a short increasing region close to the barrier. On the otherhand, the real potential shows an overall increasing trend with decreasing energy. But there is definite tendency to decline in the energy region where the imaginary potential shows an increasing nature. The observed energy dependences of the real and imaginary potentials corroborate with the observations from the study of 6 Li+ 59 Co and 6 Li+ 27 Al systems. This particular nature of the interaction potential close to the barrier has been argued to be due to the coupling to the continuum. However, unlike the 6 Li+ 208 Pb system, the real potential instead of decreasing further in the sub-barrier energy region shows a sharp rise. A dispersion relation prediction for the real potential behaviour assuming a simple 3-linear segment description of the energy dependence of the imaginary potential describes nicely the observed energy variation of the real component. In order to pinpiont the threshold behaviour of the interaction potential with loosely bound projectiles, further experimental investigations with more precision and in smaller energy steps around the barrier is necessary. Also a complete CRC calculation including the coupling to the inelastic and other direct reaction channels in the presence of coupling to the continuum is necessary to understand the observed energy variations of the real and imaginary potentials for 6 Li+ 58 Ni and 6 Li+ 64 Ni systems. 
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